Lotic dragonflies and damselflies are expected to be more affected by vicariance than lentic sister species. We demonstrated that severe vicariant speciation acted on lotic Coeliccia in contrast to lentic Copera damselflies, which are both included in the family Platycnemididae. We constructed maximum likelihood and Bayesian inference trees of these Platycnemididae species from the continental islands of Ryukyu (Amami, Okinawa, and Yaeyama islands), Taiwan, and Japan relative to Chinese species using raxmlGUI and BEAST, based on the mitochondrial COI gene (682 bp), COII gene (494 bp), 16SrRNA (478 bp), and the nuclear 28SrRNA gene (807 bp). In BEAUti, we calibrated the splitting age of the MRCA of all the Coeliccia species as 1.55−0.15 million years ago (Ma), a date that corresponds to a geologic constraint: the Okinawa trough and associated straits, including the Yilan basin in Taiwan, began to rift at 1.55 Ma, isolating the Ryukyu-Taiwan islands from the Chinese continent. The vicariance split Coeliccia into the Ryukyu-side clade of Coeliccia ryukyuensis (Coe. r. ryukyuensis in Okinawa and Coe. r. amamii in Amami) and Coeliccia flavicauda (Coe. f. masakii in Yaeyama and Coe. f. flavicauda in southern Taiwan), and the Chinese-side clade of Coeliccia cyanomelas (northern Taiwan and China), separated by the Okinawa trough. These Coeliccia species were further deeply differentiated to form local populations on the major islands and some of the minor islands. The Copera clade constituted a sister of the lotic Coeliccia clade, but genetic differentiation was not recognizable in lentic Copera between China, Taiwan, and Japan. Base substitution rates applying a strict clock model were estimated for COI: 0.0783, COII: 0.0803, 18SrRNA: 0.0186, 28SrRNA: 0.00577, and combined: 0.0408 substitutions/site/myr, and these rates are relatively high.
populations concerned with dispersal and vicariance (Jordan et al. 2003; Jones and Jordan 2015) .
Habitat of Odonata is generally either lotic (running water) or lentic (stagnant water) although some occupy partly both types of habitat (Corbet 1999; Patten and Smith-Patten 2013) . Many Libelluloidea dragonflies noted above (Artiss et al. 2001; Ware et al. 2007; Yang et al. 2014 ) primarily inhabit lentic waters. On the Ryukyu Islands, most of the endemic dragonflies are lotic. In contrast, there are no endemic species of lentic dragonflies such as Libelluloidea on those islands. Libelluloidea is found on every island of the Ryukyu chain, including the smaller ones, indicating that their dispersal ability is very high. This contrasts sharply to the mostly endemic lotic dragonflies that are restricted to streams on the larger forested islands and are inferred to have weak dispersal ability.
This article presents new analyses of family Platycnemididae damselflies, with emphasis on lotic Coeliccia (subfamily Calicnemiinae) and lentic Copera (subfamily Platycnemidinae), collected from mostly the Ryukyu Islands, and Taiwan, southern China, as well as Japan and Korea. Cladistic analyses using morphological characters have been done for Calicnemiinae damselflies including Coeliccia from the Southeast Asian and Indo-Pacific regions, including the Wallace biogeographic line (Gassmann, 2005) , and molecular phylogenetic studies were done for Platycnemidinae damselflies including Copera from Malaysia (Lim et al. 2013 ). Our sequence data are for the mitochondrial COI, COII, 16SrRNA, and nuclear 28SrRNA genes, the same genes studied by Lim et al. (2013) . The mitochondrial genes have a relatively high substitution rate and resolution, and their analyses are suitable for Coeliccia lotic damselflies. The nuclear gene has a relatively low substitution rate, and is thus suitable to analyze for higher-level phylogeny (e.g., Sagegami-Oba et al. 2007 ). Combined analysis of these genes by raxmlGUI and BEAST can be employed to check topology and derive a reliable phylogenetic tree.
Through this study, we show that a severe vicariance event acted on lotic Coeliccia. Calibration was done based on newly obtained chronological data from the region of study. We compared data from Coeliccia with that of the lentic Copera, and showed that lotic damselflies generally tend to be affected vicariance more than lentic ones. This was previously hypothesized for aquatic insect diversification (Dijkstra et al. 2014b ) and discussed for water beetles in Mediterranean saline ecosystems (Arribas et al. 2015) . Osozawa et al. (2012) showed that the Ryukyu Islands formed by back-arc spreading of the Okinawa trough that separated them from the Chinese mainland. This sea-floor spreading began at 1.55 ± 0.15 million years ago (Ma) and continues to the present. Subsidence to form each island progressed rapidly, and these islands were simultaneously separated from the mainland and isolated from one another by the development of the Okinawa trough, as well as other major seaways between the islands, including the Tsushima and Taiwan straits ( Figure 1 ; the Yilan basin in Taiwan is a southwestern extension of the Okinawa trough although it is presently a terrestrial valley). These straits are expected to have acted as sea barriers to trigger vicariance, and 1.55 Ma is a geologically robust calibration age applied to our phylogenetic analyses. Using this calibration in BEAST v.1.8.2, a reliable base substitution rates can be estimated.
Ryukyu Continental Islands

Coeliccia and Copera Damselflies
Coeliccia damselflies (Blue Forest Damsel; suborder Zygoptera, family Platycnemidinae) inhabit only clean streams of the forested islands of the Ryukyu chain, Taiwan island, and southern China. Although they are distributed as far as India, Malaysia, and Indonesia, our interest is in this eastern Asia marginal island area. On some of the Ryukyu Islands, the bedrock is dominated by the Quaternary Ryukyu limestone and basement rock exposures are rare, so fresh water does not flow over the surface as streams but instead flows underground through the limestone. On such islands, Coeliccia is lacking even if these are large islands (e.g., Okinoerabujima and Miyako-jima; Figure 1 ). Two species are known from the Ryukyu Islands (including the Yaeyama islands), and one of the species consists of two subspecies in the Okinawa and Amami islands, respectively. The wing spot pattern is distinct among Coeliccia populations on 4 of the Okinawa islands (Ozono et al. 2012) . Two additional Coeliccia species are also known from northern and southern Taiwan, although the northern species is common Chinese species. Our study seeks to clarify the nature and timing of endemism of Coeliccia damselflies on these forested islands (Figure 1 ; specimen photos are right side of Figures 2 and 3) .
Coeliccia damselflies are lacking on the Japan mainland, Korea, and northern China. Instead, another genus of the subfamily Platycnemidinae Copera (Featherlegs) is known to inhabit stagnant water (ponds), whereas Platycnemis (Fanlegs) inhabits mostly streams. The distinctly different habitats of flowing water versus stagnant water may be expected to affect the extent of vicariance of these damselflies.
Materials and Methods
Platycnemididae (Including Coeliccia) Sampling
Male of Coeliccia damselflies have a blue metepisternum and metepimeron, and also have blue stria on the mesespiternum. The blue coloration is replaced by yellow in females. The stria pattern and also the coloration of the eighth and ninth abdominal segments, yellow or blue, characterize each Coeliccia species, subspecies, and population (Ozono et al. 2012 ) (photos right side of Figures 2 and 3 ).
There are 3 Coeliccia subspecies on the Ryukyu Islands, with different abdominal segment coloration, yellow or blue (photos right side of Figures 2 and 3) . The former is Coeliccia flavicauda masakii distributed on the Yaeyama islands (Ishigaki-jima and Iriomotejima) and Coe. ryukyuensis ryukyuensis distributed on the Okinawa islands (Okinawa-jima, Iheya-jima, Tokashiki-jima, and Kume-jima), and the latter is Coe. ryukyuensis amamii distributed on the Amami islands (Amami Oshima and Tokuno-shima) (Figure 1 ). Coeliccia r. ryukyuensis have different stria pattern characterized each island population of Okinawa islands (Ozono et al. 2012 ) (photos right side of Figures 2 and 3) .
Seaways between islands are migration barriers, and the Kerama strait between Okinawa-jima and Miyako-jima (although the latter island lacks Coeliccia) is especially a strong barrier for Coe. f. masakii and Coe. r. ryukyuensis. The unnamed strait between Tokuno-shima and Okinoerabu-jima (although the latter island lacks Coeliccia) is also a strong barrier for Coe. r. amamii and Coe. r. ryukyuensis. The function of this strait as a migration barrier for other insect species has been shown by our recent papers (Osozawa et al. 2013 (Osozawa et al. , 2015a (Osozawa et al. , 2015b (Osozawa et al. , 2017a (Osozawa et al. , 2017b (Osozawa et al. , 2017c Osozawa and Wakabayashi 2015) .
Coeliccia flavicauda in Yaeyama has a rather green coloration for males, but there is a bluish subspecies of Coe. f. flavicauda in southern Taiwan. In northern Taiwan, separated by the Yilan basin from the southern Taiwan, Coeliccia cyanomelas is distributed and has blue abdominal segments (photos right side of Figures 2 and 3 ). This species is also known from southern China (Figure 1 ).
Copera annulata is distributed in Japan mainland, and a very common species (photo right side of Figures 2 and 3 ). Another Japanese species is the endangered Copera tokyoensis, but our amplification failed owing to sample damage, and the habitat of this species, the Fuji-numa pond, in the estuary of the Kitakami river, was destroyed by the 2011 Tohoku tsunami. However, both species were analyzed by Kiyoshi et al. (2011) , and shown to be genetically similar, although both are polyphyletic, probably by mitochondrial introgressions. Copera tokyoensis is also known from the Yangtze delta. Copera ciliata (Black-kneed Featherlegs) is distributed in southern China and Taiwan (not collected), and Copera marginipes (Yellow Featherlegs) is sympatrically distributed in southern China and Taiwan (photos right side of Figures 2 and 3) . These 2 species of Copera in Malaysia were analyzed by Lim et al. (2013) , and we can compare the sequence data.
Platycnemis foliacea sasakii is distributed in Japan, excluding Hokkaido. We collected from the Miyatoko river, Miyagi prefecture, northern limit of the distribution. A similar species, Platycnemis phyllopoda, was collected from a small grassy stream of Busan, Korea. Although we only obtained the 16SrRNA sequence, we collected Platycnemis echigoana, an endemic in northern Honshu, from ponds with aquatic plants, in Yamagata prefecture.
We selected Sinostica ogatai (family Platystictidae) collected from a valley in Hong Kong as an outgroup species.
DNA sequence data of the damselflies are registered in the DDBJ/ GenBank. Species isolate, country, accession number, collection date, and collectors are shown in Supplementary Table 1.
DNA Extraction and Polymerase Chain Reaction Amplification
Collected leg muscle samples used for analyses were stored in 1.5 mL tubes filled by 99% ethanol, with the remaining material stored at −30 °C in a freezer.
DNA extraction was done using the GenElute™ Mammalian Genomic DNA Miniprep Kit by Sigma-Aldrich.
Primers used for amplification for the mitocondrial COI-tRNA-COII gene were COS2265 (5′-GCA CAA GAA AGA GGG AAA AAA GA-3′), and COA3625 (5′-GCC CCA CAA ATT TCG GAAC ATT G-3′), following Kiyoshi et al. (2011) . When these primers were not effective, internal primers were newly designed as coOsoF (5′-TCG AGC TTA TTT CAC CTC AG-3′) and coOsoR (5′-CTA TGT CTG TTT CTG GCA CT-3′). Primer set of COS2265-coOsoR was ultimately effective.
Primers used for amplification for the mitocondrial 16SrRNA gene were 16sf (5′-CGG CCT GTT TAA CAA AAA CAT-3′) and 16sr (5′-CCC GGT TTG AAC TCA GAT CAT GT-3′), and for the nuclear 28SrRNA were 28sf (5′-AAG GTA GCC AAA TGC CTC ATC-3′) and 28sr (5′-AGT AGG GTA AAA CTA ACC T-3′), following Hasegawa and Kasuya (2006) .
COI-tRNA-COII and 16SrRNA amplifications were done by GoTaq G2 Green Master Mix, Promega, and the temperature of incubation was 94 °C for 60 s, with denaturation at 94 °C for 30 s, annealing at 53 °C for 30 s, extension at 72 °C for 90 s (60 s for 16SrRNA), cycled 35 times, and final extension was at 72 °C for 5 min.
28SrRNA amplification was done by Tks Gflex™ DNA Polymerase, Takara, and the temperature of incubation was 94 °C for 120 s, with denaturation at 98 °C for 10 s, annealing at 53 °C for 15 s, extension at 68 °C for 60 s, cycled 30 times, and final extension was at 72 °C for 10 min.
The PCR product was purified using Wizard SV Gel and PCR Clean-Up System, Promega. Sequencing was done by Operon Biotechnology, National Museum of Nature and Science, Tsukuba, and Macrogen Japan.
Sequence Alignment
Sequence alignment was done using ClustalW incorporated in MEGA5 (Tamura et al. 2011) . The nonprotein cording tRNA-Leu region was excluded from the alignment, and no gap was observed in aligned COI sequence of 682 bp and COII sequences of 494 bp. Systematic gaps reflecting the species relative to Cop. annulata, Cop. marginipes, P. phyllopoda, and S. ogatai were recognized in the 16SrRNA sequences of 676-679 bp, and such positions containing gaps were eliminated in analyses. Systematic gaps reflecting the species relative to Cop. marginipes and S. ogatai were recognized in the 28SrRNA sequences of 807-808 bp, and such positions containing gaps were eliminated in analyses. Codon translation for the COI and COII sequences were checked by the ExPASy-Translate tool, Bioinformatics Resource Tool, and such data are reflected in our registered data in the DDBJ/GenBank. The reliability of the sequences was also checked by BLAST (Basic Local Alignment Search Tool) offered by DDBJ/GenBank. 
Phylogenetic Analyses by raxmlGUI
The maximum likelihood (ML) tree of combined genes (Figure 2 ) was estimated using raxmlGUI v1.3 (Silvestro and Michalak 2011) . Loading individual partitions was as separate sequence files of COI, COII, 16SrRNA, and 28SrRNA genes (the fasta files were converted into phylip files by ClustalW offered by DDBJ) by using the Add Alignment button. ML+rapid bootstrap were selected, duplicated sequences were not omitted, and outgroup species (S. ogatai) were designated. The substitution model GTR-G (general time reversible model with gamma distribution for rate heterogeneity) was applied, and Fig.Tree v1. 4.2. was used for drawing the ML tree.
Phylogenetic Analyses by BEAST, Age Calibration
Bayesian inference (BI) trees were constructed using the software BEAST v. We considered that the MRCA of all the Coeliccia species began to differentiate at 1.55 ± 0.15 Ma (Figure 3) , following the geologic evidence for island separation presented in Osozawa et al. (2012) . Accordingly, for the time to the MRCA for the Coeliccia species, a date of 1.55 Ma was input into BEAUti.
In BEAUti, the following software settings were used. Partitions: fasta files were converted into nexus files by ClustalW offered by DDBJ, and the loading was by using the Import Data or plus button. Three partitions defined by four gene sequences appeared in Partition box. Taxa: Loading was by using the plus button. Ingroup species of the MRCA of the Coeliccia species were sifted to the right screen. "Ingroup" was input in Taxon Running BEAST was done by incorporating each xml input file made by BEAUti. The consequent tree was drawn by DensiTree (Figure 3) . Alternatively, the tree files were input into TreeAnnotator, and the tree could be drawn using FigTree. In FigTree, the 95% highest posterior density for confidence intervals of ages and posterior probability are shown. Tracer v1.6 was used to record the mean base substitution rate of each gene (need to run separately) and combined genes, incorporating log input file made by BEAST. BEAST2 estimates rates simultaneously, but the rates are not reasonable even for the latest version. Effective sample size (ESS) values were checked to be greater than 200, and if they were not as indicated by red warning, an extended run was set in MCMC: increased as 20 000 000.
Results
Phylogeny
In ML and BI trees for combined matrix, 3 major clades were delimited with a polytomy of (a) Coe. r. amamii (Amami) + Coe. (Figures 2 and 3) . The splitting date of these three clades was assigned 1.55 Ma (Figure 3) . In each major clade, Coeliccia damselflies were further differentiated into each island clade (Figures 2 and 3) , and these vicariant events took place after 1.55 Ma (Figure 3) .
Platycnemis phyllopoda in Korea, and P. f. sasakii in Japan constitute a Platycnemis major clade, and have a sister relation, splitting at ca.1.55 Ma (Figures 2 and 3) . In contrast, Cop. annulata in Japan and Cop. ciliata in China are genetically similar and not differentiated (Figures 2 and 3) . Copera marginipes, a sister to these in the Copera major clade, was not differentiated between north and south Taiwan, and China (Figures 2 and 3) . These 2 Copera species were not differentiated in Malaysia as well (Lim et al. 2013 ).
Base Substitution Rates
Base substitution rates in a strict clock model were estimated for the various genes as follows: COI: 0.0783, COII: 0.0803, 18SrRNA: 0.0186, 28SrRNA: 0.00577, combined: 0.0408 substitutions/site/ myr (s/s/myr).
In a relaxed clock model, the substitution rates are: COI: 0.0607, COII: 0.107 (high), 16SrRNA: 0.0523, 28SrRNA: 0.0205 (high), combined: 0.0607 s/s/myr.
Base substitution rates estimated by ML analysis of MEGA5 are: COI: 0.0564, COII: 0.0504, 16SrRNA: 0.0117, 28SrRNA: 0.00319, combined: 0.0309 s/s/myr.
Discussion
Vicariance of Coeliccia Started at 1.55 Ma Back arc spreading of the Okinawa trough separated the Ryukyu island chain from China. The southern on-land extension of this trough, the Yilan Basin, separates southern Taiwan, that can be considered a part of the Ryukyu chain, from northern Taiwan, that can be considered a part of China (Figure 1) , and acted as a very strong barrier (Osozawa et al. 2012) . A major splitting event of 1) Coe. ryukyuensis (Amami and Okinawa) + 2) Coe. flavicauda (Yaeyama and S Taiwan) from 3) Coe. cyanomelas (N Taiwan and China) is interpreted to have been a consequence of formation of the Okinawa trough and isolation of the Ryukyu Islands (Figures 2 and 3) .
It is also evident from ML and BI trees (Figures 2 and 3 ) that straits separating these major island groups formed strong barriers to migration. Such straits include the Tokara strait between Japan (although lacking Coeliccia) and Amami islands, the unnamed strait between the Amami and Okinawa islands, the Kerama strait between the Okinawa and Yaeyama islands, the Yonaguni strait between the Yaeyama islands and southern Taiwan, and the Taiwan strait between northern Taiwan and China (Figure 1) .
Seaways between each island have also been strong barriers in several examples within island groups (Figures 2 and 3) . Examples include the strait between Amami Oshima and Tokuno-shima, in the Amami islands, and also seaways between Okinawa-jima, Iheya-jima, Tokashiki-jima, and Kume-jima, in the Okinawa islands (Figure 1) . However, on Okinawa-jima including the Motobu peninsula, the differentiation is slight, although 2 species of Rhipidolestes damselflies are known to be allopatrically distributed and differentiated within Okinawa-jima (Futahashi and Sasamoto 2012) . The differentiation is minor between Ishigaki-jima and Iriomote-jima, and this may reflect the very shallow coral sea between these 2 islands (Osozawa et al. 2013) . Within southern China, Coe. cyanomelas is not differentiated (Figures 2 and 3) .
Although the habitat of Rhipidolestes damselflies is more restricted along shaded small waterfalls of the headwater regions of streams, the habitat of Coeliccia damselflies in forested streams is also expected to affect their deep vicariance.
The stream habitat species of Platycnemis were deeply differentiated (Figures 2 and 3) , and the Tsushima strait may have acted as strong barrier (Figure 1 ). Based on 16SrRNA sequence alone, endemic species P. echigoana was also differentiated as a Platycnemis major clade, although it is a lentic species.
Our calibration for evolution of Coeliccia damselflies was done by incorporating a 1.55 ± 0.15 Ma date (geologically obtained formative age of the Ryukyu and southern Taiwan splitting from China; Osozawa et al. 2012) into the splitting basal node of the three major clades (Figure 3 ). We applied a strict clock model as well as a relaxed clock model, and confirmed that the former rates are comparable to those estimated by MEGA5, although the latter resulted in extremely high calculated rates. Our recent studies also suggest that the strict clock model is more reasonable (Osozawa et al. 2017a (Osozawa et al. , 2017b .
Our estimated gene substitution rates for Coeliccia damselflies were COI: 0.0783, 28SrRNA: 0.00577 s/s/myr. Rates for Curtos fireflies were COI: 0.0452, 28SrRNA: 0.0147 s/s/myr (Osozawa et al. 2017c) , and for Pyrocoelia fireflies were; COI: 0.0473, 28SrRNA: 0.00439 s/s/myr (Osozawa et al. 2015b ). These 2 fireflies have relatively high gene substitution rates comparable to Coeliccia damselflies, so the presently estimated rates may be reasonable.
Stagnant Water Copera without Vicariance
Copera annulata in Japan and Cop. ciliata in S China are morphologically similar (photos on right side of Figures 2 and 3) , and also genetically similar (Figures 2 and 3) . The Malaysian population of Cop. ciliata is also genetically similar (Lim et al. 2013) . Their sympatric species of Cop. marginipes is a sister to these 2 Copera species, but they are not differentiated over the entirety of Taiwan (Yilan basin is not a barrier) and China, as well as Malaysia, as suggested by Lim et al. (2013) . The reason for the lack of vicariance for the Copera damselflies may be related to the habitat of stagnant water. Yamanaka et al. (2009) determined the mean effective dispersal scale of Cop. annulata as 53 m by means of an ecological survey, and the dispersal ability of this species is thus rather low. However, the ponds that constitute the habitat are patchily but widely distributed in broad alluvial plains and formed, for example, on the Chinese continental shelf at the time of Quaternary regression. Heavy floods might disperse the damselfly adults and nymphs. Dispersion by typhoons may also be likely (cf., Osozawa and Wakabayashi 2015) .
Although genetic studies have not been performed to date, dragonflies inhabiting stagnant water are usually common to very common species. Such species include Anax parthenope and Pantala flavescens, that are very common on the coastal plains ravaged by the 2011 Tohoku tsunami of northeast Japan. Copera tokyoensis (Kiyoshi et al. 2011) and Mortonagrion hirosei are also known from the Sendai coast as well as Hong Kong coast and occupy a very restricted habitat of coastal marsh. Copera tokyoensis has not been seen since the Tohoku tsunami, possibly as a result of habitat destruction by the tsunami.
Although habitats of damselflies may have been destroyed naturally or artificially, reintroduction from another habitat would not be a difficult for lentic damselflies, because gene sequence may be similar or common, in contrast to the lotic damselflies. This new finding may help conservation efforts for endangered lentic damselflies such as Cop. tokyoensis and M. hirosei, but not for lotic damselflies such as Coeliccia, whose habitat must be preserved because most are endemic with special gene sequences on isolated islands.
Conclusion
The MRCA of Coeliccia damselflies allopatrically split into Coeliccia ryukyuensis (N Ryukyu: Amami + Okinawa), Coe. flavicauda (S Ryukyu: Yaeyama + S Taiwan), and Coe. cyanomelas (China: N Taiwan + China), reflecting the 1.55 Ma formation of the Okinawa trough and the Kerama strait. Secondary but significant vicariance also acted on each island population separated by inter-island seaways including the major straits. In constrast, Copera damselflies were not affected by vicariance, and this difference probably reflects their stagnant water habitat on the Quaternary major coastal plains. This is the first phylogenetic study that indicates that lotic damselflies tend to be affected by vicariance much more so than lentic ones.
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